Despite our increased understanding of the physical processes involved, forecasting radiative cold pools and their associated meteorological phenomena (e.g., fog and freezing rain) remains a challenging problem in mesoscale models. The present study is focused on California's Tule fog where the Weather Research and Forecasting (WRF) model's frequent inability to forecast these events is addressed and substantially improved. Specifically, this was accomplished with four major changes from a commonly employed, default configuration. First, horizontal model diffusion and numerical filtering along terrain slopes was deactivated (or mitigated) since it is unphysical and can completely prevent the development of fog. However, this often resulted in unrealistically persistent foggy boundary layers that failed to lift. Next, changes specific to the Yonsei University (YSU) Planetary Boundary Layer (PBL) were adopted that include using the ice-liquid-water potential temperature (θ il ) to determine vertical stability, a reversed eddy mixing (K) profile to represent the consequences of negatively buoyant thermals originating near the fog (PBL) top, and an additional entrainment term to account for the turbulence generated by cloud-top (radiative and evaporative) cooling. While other changes will be discussed, it is these modifications that create, to a sizable degree, marked improvements in modeling the evolution and life cycle of fog, low stratus clouds, and adiabatic cold pools. 
Introduction
6th-order horizontal filter, which can be used to remove small-scale features, but this option will 106 be evaluated.
107
The three simulation periods are 29 December 2008 -2 January 2009, 4-7 January 2011, and 13-beyond the final time depicted, the Valley could be described as having experienced extensive low 142 stratus rather than fog.
143
Now we turn to the WRF simulation employing the default configuration described in the previ-144 ous section, made using only the outer two (36 and 12 km) domains. SJV-averaged 2-m tempera- December and 1 January (as well as some underprediction at night). The inclusion of the 4-km 153 nest improved the simulation as horizontal diffusion errors were lessened which allowed the fog to 154 be better resolved. This result was expected as similar findings were also noted by Billings et al.
155
(2006). However, the diffusion errors were not eliminated; it is for this reason we will continue to 156 explore the effects of diffusion using the two-domain setup in the following subsection. In most real-data applications, the WRF model is configured such that subgrid scale mixing 159 in the vertical (even in the free atmosphere) is accomplished via the PBL scheme, leaving hori-160 zontal diffusion to be handled via the diff opt option. As noted earlier, the recommended set- strated that this horizontal mixing forces dry air down into the CV, resulting in substantial under-165 prediction of near-surface relative humidity. Another diffuser that operates on model surfaces is 166 the 6th-order filter (diff 6th opt), which targets short-wavelength features and is controlled by 167 nondimensional coefficient diff 6th factor.
168
In this case, both horizontal diffusers act to limit fog formation in the Central Valley. Recall that 169 diff opt = 1 resulted in a cloud-free CV (Fig. 3b) , leading to overprediction of 2-m tempera-170 ture during the later half of the period (Fig. 2a) . Deactivating this mixing (diff opt = 0) but 171 employing the monotonic and positive definite version of the 6th order filter (diff 6th opt = 2) 172 instead permitted the development of some cloudiness in the southern end of the SJV (Fig. 3c) , an 173 incremental improvement 2 . However, removing both sources of horizontal mixing along model 174 surfaces allowed substantially more fog development through the Central Valley (Fig. 3d) . At least 175 at the time shown, the spatial extent of the cloudiness was comparable to the observations (Fig. 3a) , 176 and the evolution of both 2-m temperatures and low cloud ceilings through the simulation period 177 was somewhat more reasonable (light blue lines on Figs. 2a,b) . Beyond the SJV, one can observe 178 that the low cloudiness off the Southern California coast was also more realistic when horizontal 179 mixing is neglected, with the stratus deck abutting the coastline as was observed (Figs. 3a,d ).
180
Examination of a number of events supports the general conclusion that horizontal mixing along 181 model surfaces can inhibit fog formation in the CV, and thus should be avoided in favor of diffu-182 sion operating in physical space (i.e., diff opt = 2) if available 3 . Yet, solving that problem has 183 exposed another: once the fog forms, the model has a very difficult time getting it to lift. Recall 184 2 In this situation, we found that the monotonic and positive definite version of the filter, which is the recommended option, erodes fog more severely than the alternative (neither positive definite nor monotonic). 3 As noted by Wilson and Fovell (2016) , diff opt = 2, which computes horizontal diffusion in physical space, now (as of WRF version 3.6.1) deactivates mixing where terrain gradients are large to avoid numerical instability but, as in that study, our results with diff opt = 2 are indistinguishable from when diff opt = 0 is employed.
that while observed ceiling heights began to rise after 1800 UTC on the 31st, simulated ceilings 185 remained close to the lowest scalar level about 18 hours longer (Fig. 2b) . That was in the simula-
186
tion without the 4 km domain. With that innermost nest active, the fog persisted even longer (dark 187 blue line in Fig. 2b ), resulting in an even more substantial low ceiling bias.
188
This low ceiling bias in this area also appears to be a persistent characteristic of WRF simulations 189 that was masked by unrealistic diffusion along terrain slopes. clouds.
226
The lifting of the fog into low stratus occurred in the LES simulation because the model was ice-liquid-water potential temperature (cf. Betts 1973) can be written as portions of the PBL but could extend down near the surface especially when afternoon heating 252 was active.
253
These LES results are broadly consistent with previous observational and numerical studies of before sunrise, after which the maximum cooling shifted upwards to the top of the foggy layer.
259
During that pre-dawn period, the lapse rates within the fog layer approached (or exceeded) the 260 moist adiabatic rate. Turbulence responding to the reduced stability was "directly correlated" with 
267
There is some observational support for our significantly deeper fog and stratus layers. had not yet lifted.
279
In pointed contrast, YSU version of this experiment ( Fig. 5b) as the LES case, but in a domain that was 120 km on a side with 12 km horizontal grid spacing.
283
Radiation was still called every time step (now 60 s). Note that while the PBL also grew (albeit at 284 a slower rate) through the integration, the fog never lifted from the surface, and the boundary layer 285 cloud content remained quite large. This is in agreement with our real data case ( 
288
The physical mechanism through which the LES is able to lift the fog appears to be missing. at the boundary layer top. Therefore, our goal is to modify the YSU scheme to handle the fog and 316 low stratus problem, without affecting its performance in more conventional convective or stable 317 boundary layers.
where c = u, v, θ , q, the zonal and meridional wind components, potential temperature, and mixing 320 ratio of water vapor, respectively. The geometric height is z, h represents the PBL height, K c is the 321 eddy diffusivity coefficient, γ c is the correction to the local gradient reflecting large-scale eddies
322
(the "countergradient term"), and (w c ) h is the flux at the PBL top, which was added to the scheme 
where k is the von Kármán constant (=0.4), p is the profile shape constant (=2), and w s is a height- representing a mixing profile that is similar in shape but has been reversed and responds to a 335 velocity scale (w PBL ) that is now a function of the PBL top flux rather than the surface fluxes:
in which
uated at the top of the PBL and, as in the current YSU scheme's w s , c (=8) is currently held 339 constant 6 .
340
The boundary layer height in the YSU scheme is identified as the highest level at which the 341 surface-based bulk Richardson number (Rib), formulated as 
where (w θ ) o is the surface thermal flux, b is a coefficient of proportionality, and w so is the mixed 361 layer velocity at z = 0.5h. This was found to have relatively little impact on the results.
362
Up to this point, the YSU has been given a revised top-down diffusivity coefficient, a revised Consequently, a revised entrainment term incorporating a velocity scale based on the PBL top 374 heat flux (w l ) was created as
in which we have
and Figure 5c shows the results of the idealized experiment of subsection c above, when the modified 406 YSU scheme is employed. Note that the evolution of the fog and low clouds is more compara-407 ble to that seen in the LES simulation (Fig. 5a) an exclusively bottom-up treatment can limit and substantially degrade forecasts when processes 501 are governed by fluxes originating near the PBL top, such as in fog and low stratus situations.
502
We have modified the YSU parameterization to include "top-down" processes designed to better where cloud-capped moist adiabatic profiles develop.
516
Through these modifications, we have been able to dramatically improve the ability of WRF to 517 successfully model the evolution and life cycle of fog and low stratus when the YSU PBL is em- 
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